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Effects of Dy on Spin-Flop and Magnetostriction
in Exchange-Coupled Tb–Dy–Fe/Fe–Cu–Nb–Si–B
Multilayers
T. Shima, K. Takanashi, and H. Fujimori
Abstract—Magnetostrictive changes arising from magnetic
transitions are investigated in Tb–Dy–Fe/Fe–Cu–Nb–Si–B mul-
tilayer systems. The spin-flop behavior of the magnetization
is clearly observed in the samples with in-plane anisotropy.
The magnetostriction measured in the longitudinal (transverse)
direction shows an up and down (down and up) change associated
with the spin-flop. It is found that the spin-flop field decreases and
susceptibility increases with increasing the Dy content.
Index Terms—Exchange coupling, giant magnetostriction, mag-
netic transition, spin-flop behavior, Tb–Dy–Fe/Fe–Cu–Nb–Si–B
multilayer.
I. INTRODUCTION
RE–TM ALLOYS (RE: rare earth, TM: transition metal)are well known to exhibit large magnetostriction [1], [2].
However, due to their large magnetocrystalline anisotropy, giant
magnetostriction is usually restricted to high magnetic fields.
From a practical point of view, it is important to achieve a large
strain at a low magnetic field. Recently, high magnetostriction
combined with soft magnetic properties was proposed in
multilayers [3], [4] on the basis of spring-type magnets [5].
Spring-type magnets consist of two materials with different
magnetic properties being exchange-coupled. Multilayering of
a giant magnetostrictive material and a soft magnetic material
leads to good magnetic softness. Apart from the practical
importance of these exchange-coupled multilayers, novel mag-
netostrictive behavior caused by the formation of twisted spin
structures is also observed for exchange-coupled Tb-Co/Nd-Co
[6], Tb–Fe/Fe–Co–B–Si [7] and Tb–Fe/Fe–Cu–Nb–Si–B [8]
multilayers. This behavior is called “exchange magnetostric-
tion” as reported in the screw-type spin structures of Dy
[9], Au Mn [10] and TbFeO [11]. The exchange magne-
tostriction does not show a monotonic change in the applied
magnetic field dependence of magnetostriction, but shows a
maximum and a minimum, this is caused by the rotation of the
magnetic moments with respect to the direction of magnetic
field. However, the influence of spin-flop transition on the
magnetostriction is of fundamental interest but it has not yet
been fully understood. In this study we have selected Dy as
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a additive element since it is known to reduce the crystalline
anisotropy field when it is used as a substitute for Tb [1] as well
as nanocrystalline Fe–Cu–Nb–Si–B due to its excellent soft
magnetic properties [12]–[14]. We have investigated the effects
of Dy on spin-flop and magnetostriction in exchange-coupled
Tb–Dy–Fe/Fe–Cu–Nb–Si–B multilayers.
II. EXPERIMENTAL PROCEDURE
Samples were prepared by rf sputtering. Two alloy targets
of Fe–Cu–Nb–Si–B and Tb–Fe were used. Tb and Dy chips
were placed on the Tb–Fe target to change the composition.
The multilayers consist of 16 bilayers of Tb–Dy–Fe and
Fe–Cu–Nb–Si–B with nominal thicknesses of 20 nm and
10 nm, respectively. The total layer thickness was maintained
at approximately 500 nm. Glass substrates (Matsunami, #0100)
were used. The samples were annealed in vacuum at 300 C
for 1 hour. Magnetization curves were measured by using a
VSM at room temperature with the maximum applied magnetic
field of 15 kOe. Magnetostriction was measured by an optical
cantilever method at magnetic fields up to 5 kOe. Magne-
tostriction measurements were performed in two different
directions: longitudinal ( ) and transverse ( ) to the applied
magnetic field. The structural characterization was made by
X-ray diffractmetry and the film composition was determined
by Electron Probe Micro Analyzer (EPMA). Young’s modulus
was measured by using a nano-indentation system.
III. RESULTS AND DISCUSSION
The magnetic hysteresis loops of Tb–Dy–Fe single layer
films with various Dy contents are shown in Fig. 1. The
compositions are (a) Tb Fe , (b) Tb Dy Fe ,
(c) Tb Dy Fe and d) Tb Dy Fe (all in at.%).
The film thickness is fixed at 500 nm. The loops were measured
in the directions both parallel ( ) and perpendicular ( ) to the
film plane. All the samples were confirmed to be amorphous by
X-ray diffraction. The Dy-free Tb Fe film exhibits the
perpendicular anisotropy, in agreement with previous results
[15], [16]. However, the anisotropy direction changes from
the perpendicular to in-plane direction with increasing the
Dy content. The susceptibility increases with the addition of
Dy.
The magnetic hysteresis loops of Tb–Dy–Fe/ Fe–Cu–
Nb–Si–B multilayers with various Dy contents are shown
in Fig. 2. All the samples were annealed at 300 C. The
spin-flop behavior of magnetization is clearly observed in
0018–9464/01$10.00 © 2001 IEEE
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Fig. 1. The magnetic hysteresis loops of Tb–Dy–Fe single layer films with
various Dy contents. The compositions of the films are (a) Tb Fe ,
(b) Tb Dy Fe , (c) Tb Dy Fe and d) Tb Dy Fe
(all in at.%), respectively. The loops were measured in the directions both
parallel (==) and perpendicular (?) to the film plane.
the multilayers. The spin-flop field ( ) is defined as the
cross point of the extrapolations of the temporarily satu-
rated region and the steeply ascending region (denoted by
the arrows in the figure). When the external field is weak
( ), the magnetization vectors of Tb–Dy–Fe layers
and Fe–Cu–Nb–Si–B layers are aligned antiparallel because
of the antiferromagnetic interaction between Tb moments in
the Tb–Fe layer and Fe moments in the Fe–Cu–Nb–Si–B layer.
When the magnetic field reaches and exceeds the critical field
( ), the magnetization of the Tb–Fe layer begins to rotate
with respect to the field direction. Finally, the magnetizations
of both the Tb–Fe and Fe–Cu–Nb–Si–B layers are parallel to
each other in applied magnetic fields much higher than .
The magnetic field at which the spin-flop occurs is 2.45 kOe
in a Dy-free Tb Fe /Fe Cu Nb Si B mul-
tilayer, and it decreases with increasing Dy content. Finally,
the spin-flop occurs at 750 Oe and the magnetic softness
improves in a Tb Dy Fe /Fe Cu Nb Si B
multilayer. We consider that this is caused by the decrease of
Fig. 2. The magnetic hysteresis loops of Tb–Dy–Fe/Fe–Cu–Nb–Si–B
multilayers with various Dy contents. The multilayers consist of 16 bilayers of
Tb–Dy–Fe and Fe–Cu–Nb–Si–B with the nominal thicknesses of 20 nm and
10 nm, respectively. All the samples were annealed at 300 C.
the magnetocrystalline anisotropy of the Tb–Dy–Fe layer with
the increase of the Dy content.
The longitudinal and transverse magnetostrictions for
Tb–Dy–Fe/Fe–Cu–Nb–Si–B multilayers with various Dy
contents are shown in Fig. 3. The dashed lines denote the
results in Tb–Dy–Fe single layer films for references. Here, the
magnetostriction of the film was determined [17], [18] using
the following formula:
where (1)
is the elastic coupling coefficient of the film, is the de-
flection angle of the sample as a function of magnetic field,
is the sample length, and are the Young’s modulus and
Poisson’s ratio for the substrate, , are the thicknesses of
the substrate and the film, respectively. Poisson’s ratio of the
film ( ) was assumed to be 0.3. Young’s modulus of the films
( ) were measured by using a nano-indentation system and
those are 69.9, 141 and 92.7 GPa, for Tb–Dy–Fe single layer,
Fe–Cu–Nb–Si–B single layer and Tb–Dy–Fe/Fe–Cu–Nb–Si–B
multilayer, respectively. Thus, can be calculated by using (1).
The magnetostrictive change associated with the spin-flop
is observed in all the samples. In other words, an up and
down (down and up) change occurs in the – curves
and two crossovers of and are clearly seen. In low
magnetic fields where the magnetization vectors of Tb–Dy–Fe
and Fe–Cu–Nb–Si–B layers are antiparallel, ( ) shows
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Fig. 3. The longitudinal and transverse magnetostrictions ( and  ,
respectively) for Tb–Dy–Fe/Fe–Cu–Nb–Si–B multilayers with various
Dy contents, as a function of applied magnetic fields. The dashed lines denote
the results in the single layers for references.
maximum (minimum), and then decreases (increases) when
the magnetic field is larger than . With increasing the
Dy content, the crossover points of and decrease and the
field sensitivity of and at low fields increases. A possible
cause for these results is the reduction of the effective magne-
tocrystalline anisotropy with the addition of Dy. However, the
maximum (minimum) value of the ( ) also decreases with
increasing Dy content. This arises from the reduction of the
Tb fraction in the Tb–Dy–Fe layer which couples to Fe mo-
ments in the Fe–Cu–Nb–Si–B layer. The optimum Dy content
for enhancing the field sensitivity of the magnetostriction and
obtaining large magnetostriction in a low field is found to be
around 5.4 at.%, where the magnetostriction is 170 10 at
200 Oe.
IV. CONCLUSION
The magnetostrictive changes arising from the spin-flop
of magnetization have been observed in amorphous
Tb–Dy–Fe/Fe–Cu–Nb–Si–B multilayer systems. The ad-
dition of Dy in this multilayer is found to be very effective
in reducing the spin-flop field. Furthermore, an up and down
change of the magnetostriction and the points of two crossovers
of and are also shifted to a low field region. The im-
provement of a low field magnetostriction has been obtained
in a Tb Dy Fe /Fe Cu Nb Si B multilayer
where a magnetostriction of 170 10 is achieved at 200 Oe.
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